Thermophoretic Forces on DNA Measured with a Single-Molecule Spring Balance
We stretch a single DNA molecule with thermophoretic forces and measure these forces with a spring balance: the DNA molecule itself. It is an entropic spring which we calibrate, using as a benchmark its Brownian motion in the nanochannel that contains and prestretches it. This direct measurement of the thermophoretic force in a static configuration finds forces up to 130 fN. This is eleven times stronger than the force experienced by the same molecule in the same thermal gradient in bulk, where the molecule shields itself. Our stronger forces stretch the middle of the molecule up to 80% of its contour length. We find the Soret coefficient per unit length of DNA at various ionic strengths. It agrees, with novel precision, with results obtained in bulk for DNA too short to shield itself and with the thermodynamic model of thermophoresis. DOI: 10.1103/PhysRevLett.113.268301 PACS numbers: 82. 35 .Lr, 82.37.Rs, 87. 14.gk Thermophoresis, also known as the Ludwig-Soret effect, is the migration of particles along temperature gradients. In gases, this phenomenon is understood with kinetic gas theory [1] . Its microscopic origin in liquids is debated. Experiments have probed the thermophoretic properties of various colloidal suspensions-such as aqueous solutions of DNA, RNA, micelles, and polystyrene beads-and investigated their dependence on size, temperature, salt type, and salt concentration [2] [3] [4] [5] [6] [7] . Individual DNA molecules have also been tethered and stretched [8] . Bulk observations agree on a crucial dependence on solventparticle interactions [9] , and theoretical models exist. They are based on either equilibrium thermodynamics [4, 5, 7, 10] , a hydrodynamic description [11] [12] [13] , or fluctuating hydrodynamics [14] , but no microscopic theory is generally accepted [9, 15] . These fundamental issues and possible applications motivate a microfluidic interest in thermophoresis [16] [17] [18] [19] [20] .
Individual DNA molecules can be manipulated and stretched in a nanofluidic device using light-induced local heating (LILH) [21] . Here, we study thermophoretic forces on individual DNA molecules quantitatively. Specifically, we measure the Soret coefficient per unit length of DNA, s T , and its salt dependence. We prestretch a DNA molecule to ∼30% of its contour length by flowing it into a nanochannel with a 200 × 250 nm 2 cross section. There, we grab its two halves with temperature gradients that pull them apart. The midregion is consequently stretched up to 80% of its contour length (Figs. 1 and 2). This degree of stretching is our first result and may be of practical interest; see the final paragraph.
Our experiment provides a new window on the nature of thermophoresis. Existing techniques measure the thermophoretic force from single-particle tracking or from changes in particle concentration, thus, balancing the thermophoretic force with hydrodynamic drag or entropic force [9] . In the latter case, a region with nonconstant temperature, TðxÞ, gives rise to a position-dependent equilibrium concentration cðxÞ
where c 0 is the concentration of particles found where the temperature is T 0 , and S T is the Soret coefficient. In contrast, we measure the thermophoretic forces experienced by a single DNA molecule in a static configuration. These forces are read off the observed stretching of the DNA molecule using a simple linear-response theory. This theory predicts a local DNA density of the same form as Eq. (1), see Eq. (6), and it describes experimental observations accurately; see Fig. 2 . This theory is our second result. Its parameters are determined at various ionic strengths ( Fig. 3 ), including s T (Fig. 4 ). The salt dependence of s T is consistent with the thermodynamic model of thermophoresis [4, 7] . This is our third result. Experiment.-For fabrication of the nanofluidic chip in polymethylmethacrylate (PMMA), setup for LILH, and visualization of DNA, see [21] . Experiments were conducted on T4 DNA (166 kb, Nippon Gene) fluorescently dyed with YOYO-1 (Invitrogen) at a ratio of one dye molecule per five base pairs, and suspended in a loading buffer [22] .
Temperature profiles in nanochannels were measured with the temperature-dependent fluorescent complex ½RuðbpyÞ 3 2þ [25] . The warm spot formed by the laser beam in the near-infrared (NIR) absorber layer [ Fig. 1(a) ] gave a temperature profile that is perfectly fitted by where the z axis is parallel to the laser beam and optical axis of the microscope, while the ðx; yÞ plane coincides with the array of nanochannels, the x axis being parallel to the channels. The function Tðx; yÞ above is the restriction to the ðx; yÞ plane of the steady-state solution to the heat equation in a 3D homogeneous medium with a spherically symmetric source of heat at ðx 0 ; y 0 ; z 0 Þ. It is also an excellent approximation to the solution obtained for our 2D Gaussian heat source with standard deviation σ located parallel to the ðx; yÞ plane at ðx 0 ; y 0 ; z Ã Þ, provided
. T ∞ is a little larger than room temperature because of the lower heat conductivity of the chip's surroundings. From here, TðxÞ is shorthand for Tðx; 0Þ.
The opposing thermal forces shown in Fig. 1 (c) stretch the DNA to a quasiequilibrium configuration shown in Figs. 1(b) and 2. We filmed this configuration at 10 frames=s to monitor quasiequilibrium. Figure 1(b) shows the nature of the resulting data: a bright fluorescent strip with a width twice the channel width due to diffraction, and along its length, a variation in intensity that is proportional to the local concentration of DNA in the channel, smoothed by diffraction.
Model.
-The simplest possible model that might capture the nature of our data, has only features that are seen in our data. Because of its simplicity, such a model is not easily fitted to data: It either fits or not, which makes it a more convincing model when it does. To achieve this convincing simplicity, we model the DNA in the channel as a onedimensional homogeneous medium with linear elastic properties.
Let DðxÞ denote the local density of DNA, defined as DNA contour length per unit length of channel. Let D 0 denote the equilibrium density at constant temperature. This density is maintained locally by a restoring entropic force: DðxÞ ≠ D 0 causes a local tension, τðxÞ, in the medium. We assume linear response
motivated by the mathematical advantages that a linear theory offers and the fact that any correct theory must be linear for sufficiently small differences DðxÞ − D 0 . Here, κ is a coefficient of elasticity, and the restoring force (per unit length of channel) consequently is
This linear response is sufficient to capture the nature of our data, we shall see [33] . The local force on the DNA (per unit length of channel) is assumed proportional to the amount, DðxÞ, of DNA present and to the temperature gradient
where the Soret coefficient, s T , per unit contour length of DNA is assumed constant over the temperature range of the experiment, which is 8°K.
In equilibrium, f entrp and f thph balance each other everywhere. Consequently,
for −x max < x < x max , and zero elsewhere. Here, we used boundary conditions DðAEx max Þ ¼ D 0 at the ends of the 1D medium, because (i) the ends remain in equilibrium, and (ii) D 0 effectively is the same at T room and at TðAEx max Þ, as these temperatures differ only ∼1%. This density profile was convoluted with a Gaussian that mimics the point-spread function of the microscope, then fitted to data. The only fit parameter was s T , because D 0 and κ were measured independently in advance, at constant temperature, T room , with κ deduced from the Brownian fluctuations of the extent of the molecule in the nanochannel [25] .
Data analysis.-The intensity profile IðxÞ was read off individual frames and time averaged over ten consecutive frames to reduce Brownian density fluctuations in the intensity profile. Figure 2 shows such a profile and a fit of our theory to it. The fitted constant of proportionality between density and intensity contains no information of interest. Neither does the fitted location x 0 , while the fitted value for s T determines both the length and the shape of the density profile.
Results.- Figure 3 summarizes results. For ionic strengths I ¼ 8, 14, 34, 75 mM, the Debye layer around the DNA is approximately λ D ¼ 3.4, 2.6, 1.6, and 1.1 nm, respectively; see below. This is much smaller than the width of the nanochannels, but comparable to the DNA's radius R DNA ¼ 1 nm. Reisner et al. investigated how the equilibrium length of DNA in (glass) nanochannels depends on ionic strength [34] . For channel dimensions and ionic strengths similar to ours, they observed only a weak dependence. Figure 3 (a) agrees with this. Figure 3 (b) shows that κ does not depend on ionic strength, in agreement with its entropic nature and the insignificance of excluded volume effects. Consequently, we use its weighted average κ ¼ 62 AE 3 fN below. Figure 3 (c) shows the thermophoretic coefficient obtained from fits to the density profile [Eq. (6); Fig. 2] . The same data are plotted versus Debye length in Fig. 4 , which is our main quantitative result.
The forces add up along each half of the DNA molecule to a tension at its middle of F total ¼ κD 0 ð1 − exp fs T ðk B T=κÞ½Tð0Þ − Tðx max ÞgÞ. Thus, F total ¼ 128 fN for our values κ ¼ 62 fN, s T ¼ 2.5=ðKμmÞ, D 0 ¼ 3.3, and r 0 ¼ 22 μm [35] . This force is eleven times larger than the force experienced in bulk by a DNA molecule of the same length, 83 kb, in a similar temperature gradient, 1 K=μm, Fig. 4(c) in [4] . In bulk, the molecule forms a bundle that 4 (color online) . Salt dependence of the thermophoretic coefficient. Same data as in Fig. 3(c) . Full and dashed lines are fits to Eqs. (7) and (8) shields itself [4] . Stretching of the DNA eliminates shielding, see below.
Theory for Soret coefficient.-Paraphrasing the equilibrium thermodynamics theory for thermophoresis [4, 7] , we set s T ¼ g 0 ðTÞ=k B T, where g is Gibbs free energy per unit contour length of the solvent-DNA system. g is the sum of two [4] or four [7] terms. One term, g ion , is due to the electrostatic energy in the double layer of ions surrounding a charged particle. It depends on the Debye length,
where N A is Avogadro's number and ϵðTÞ is the dielectric constant of the solvent [4, 7] . The other term is independent of λ D when identified with the hydration entropy [4] , and also, effectively, when modeled as in [7] , see [7] , Fig. S6 .
The electrostatic energy g ion is obtained by solving the Poisson-Boltzmann equation, often in the Debye-Hückel approximation valid for low surface potentials. For a cylinder, g ion ≈ e 2 σ 2 eff ln½1 þ λ D =R DNA =4πϵ per unit length, with σ eff the effective number of charges per unit length [25] . From this result, it follows that:
For our experimental conditions, the first, logarithmic term is at least a factor 10 larger than the second term.
Results for spheres which are valid for any thickness of the Debye layer [Eq. (12) in [36] ], can be recast to a result for a cylinder, also valid for any Debye layer, supposedly, Our results show that, at room temperature, the thermophoretic force on DNA is dominated by sources that are independent of the Debye length. The sum of such contributions is described by the offset s ðoffÞ T [25] . This offset contains both ionic contributions (from, e.g., the Seebeck effect [7] ) and nonionic contributions (from, e.g., solvation entropy or hydrophobicity [4] ). This agrees with findings for protein solutions [37] but not with results for polystyrene beads [4] and micellar solutions [2] . For DNA in bulk, the thermophoretic force scales as ðcontour lengthÞ 1=2 because of self-shielding [4] . DNA molecules shorter than their persistence length (∼180 bp) cannot shield themselves, so from results in [4] obtained for such lengths, we find the Soret coefficient s T per unit length of nonshielded DNA. Only a single ionic strength (λ D ¼ 9.6 nm) is considered in [4] . At that strength, 50 and 100 bp molecules yield s T ¼ 3.3 and 2.1=ðKμmÞ, respectively, which averages to ð2.7 AE 0.6Þ=ðKμmÞ. We extrapolate our results in Fig. 4 to λ D ¼ 9.6 nm, using the fits of Eqs. (7) and (8). This gives s T ¼ ð3.0 AE 0.4Þ and ð2.9 AE 0.3Þ=ðKμmÞ, respectively, in perfect agreement with ð2.7 AE 0.6Þ=ðKμmÞ and twice more precise [25] . To the best of our knowledge, there are no other results we can compare with. Results for single-stranded DNA in bulk [38] seem irrelevant.
Discussion, conclusion, and perspectives.-Our experimental setup has some advantages: Localized heating in microfluidic devices can create convection, which will interfere with the measurements of the thermophoretic force [3] . Because of the small dimensions of the nanochannel and the modest temperature increase, ΔT max ≃ 8 K, convection does not occur in our device, Sec. 3.4 in [3] . The small dimensions of the nanochannel also prevent artifacts due to sedimentation [6] and interparticle interactions [2] . Moreover, the liquid surrounding the DNA is not heated directly with a laser, so there is no light pressure on the DNA as a potential source of error [3] . These advantages all vouch for the reliability of our data. Our maximally simple model describes stretched DNA conformations perfectly with a single fitted parameter, s T , which was measured this way. This supports our model and its s T values. So does their agreement with values reported in [4] for DNA too short to shield itself. The weak-to-absent salt dependence of our s T values supports the thermodynamic model for thermophoresis by being consistent with it.
Our temperature gradient of up to 1 K=μm stretches the central segment of DNA to 80% of its contour length. This extension exceeds all previously reported results obtained in nanochannels with similar dimensions and salt concentrations [39, 40] and, hence, may be of practical interest: Research on genomic-length DNA confined inside nanofluidic structures has increased our understanding of biological interactions of DNA and enables coarse-grained optical mapping of the sequence of intact individual DNA molecules [41] [42] [43] [44] [45] [46] . Stretching DNA to nearly its contour length remains a challenge, however. It requires either very narrow nanochannels [47, 48] , extreme salt concentrations [49] , or crossed flows [46] . Very narrow channels are difficult both to fabricate and to load with DNA. Extreme salt concentrations are incompatible with biological conditions. And crossed flows require delicate balancing of the DNA in the flows. LILH, however, can stretch DNA up to 80% of its contour length in rather wide channels, at any salt 
